In tobacco (Nicotiana tabacum), nicotine and related pyridine alkaloids are produced in the root, and then transported to the aerial parts where these toxic chemicals function as part of chemical defense against insect herbivory. Although a few tobacco transporters have been recently reported to take up nicotine into the vacuole from the cytoplasm or into the cytoplasm from the apoplast, it is not known how the long-range translocation of tobacco alkaloids between organs is controlled. Nicotiana langsdorffii and N. alata are closely related species of diploid Nicotiana section Alatae, but the latter does not accumulate tobacco alkaloids in the leaf. We show here that N. alata does synthesize alkaloids in the root, but lacks the capacity to mobilize the root-borne alkaloids to the aerial parts. Interspecific grafting experiments between N. alata and N. langsdorffii indicate that roots of N. alata are unable to translocate alkaloids to their shoot system. Interestingly, genetic studies involving interspecific hybrids between N. alata and N. langsdorffii and their self-crossed or back-crossed progeny showed that the non-translocation phenotype is dominant over the translocation phenotype. These results indicate that a mechanism to retain tobacco alkaloids within the root organ has evolved in N. alata, which may represent an interesting strategy to control the distribution of secondary products within a whole plant.
Introduction
The formation and storage of plant secondary metabolites (natural products) are often regulated in space and time, and can involve multiple organs or cell types (Kutchan 2005) . Several, sometimes indirect, instances are recorded for plant alkaloids (chemically diverse compounds containing nitrogen in a form of secondary, tertiary or quaternary amines or as amides) in which the site of biosynthesis differs from the site of alkaloid storage (Wink and Roberts 1998) . In these cases, we must assume that alkaloids are synthesized in a specific organ or tissue, and then translocated to other plant parts where storage occurs. The long-distance transport may involve the phloem, xylem or apoplastic space, but virtually nothing is known about the transporters and cellular mechanisms that facilitate the mobilization process.
Biosynthesis of nicotine and related pyridine alkaloids has been typically studied in the cultivated tobacco (Nicotiana tabacum) (Shoji and Hashimoto 2011a) . The pyrrolidine ring of nicotine is synthesized from the diamine putrescine by consecutive actions of putrescine N-methyltransferase (PMT; Hibi et al. 1994) and N-methylputrescine oxidase (MPO; Heim et al. 2007 , Katoh et al. 2007 ), whereas its pyridine ring is derived from nicotinic acid by way of the de novo biosynthesis pathway of NAD (Katoh et al. 2006) , which involves quinolinate phosphoribosyltransferase (QPT; Sinclair et al. 2000) . The exact condensation reactions of the two ring systems to produce nicotine are not fully elucidated but require two different types of oxidoreductases, A622 (Shoji et al. 2002 , DeBoer et al. 2009 , Kajikawa et al. 2009 ) and berberine bridge enzyme-like protein (BBL; Kajikawa et al. 2011) . The tobacco genes encoding these biosynthetic enzymes are coordinately regulated by the jasmonate signaling cascade (Shoji et al. 2008) and by the NIC2-locus transcription factors of an ethylene response factor subfamily (Shoji et al. 2010) . These structural genes for nicotine biosynthesis are expressed in the young root tissue, particularly in outer cortex cells, while no substantial expression was observed in aerial parts of tobacco plants (Shoji and Hashimoto 2011a) . Together with abundant alkaloid formation in tobacco root cultures (e.g. Solt 1957) , the root organ is the site of nicotine biosynthesis in tobacco.
High concentrations of nicotine and related pyridine alkaloids accumulate in the aerial organs, including the leaf, of tobacco plants where no substantial synthesis of alkaloids occurs. Root to leaf translocation of tobacco alkaloids was first clearly Plant Cell Physiol. 53(7): 1247-1254 (2012) doi:10.1093/pcp/pcs065, available online at www.pcp.oxfordjournals.org ! The Author 2012. Published by Oxford University Press on behalf of Japanese Society of Plant Physiologists. All rights reserved. For permissions, please email: journals.permissions@oup.com demonstrated in the interspecific grafting experiments between tomato (Solanum lycopersicum) and tobacco (Dawson 1942) . Appreciable amounts of nicotine accumulated in the leaves when tomato scions were grafted upon tobacco stocks, but not in a reverse graft combination. As much as 1 mM nicotine was detected in the xylem sap of leaf-damaged N. sylvestris plants (Baldwin 1989) , suggesting that nicotine is translocated from the root to the aerial parts of tobacco plants through the xylem. Recently, several nicotine transporters have been reported in tobacco; tonoplast-localized MATE1 and MATE2 transporters of the multidrug and toxic compound extrusion (MATE) family sequester nicotine into the vacuole in tobacco roots (Shoji et al. 2009 ) and a plasma membrane-localized purine uptake permease-like transporter NUP1 takes up nicotine into the tobacco root cells (Hildreth et al. 2011) , whereas another MATE-type transporter JAT1 may mediate nicotine sequestration into the vacuole of tobacco leaf cells (Morita et al. 2009 ). Although these tobacco transporters may be capable of transporting nicotine between different cellular compartments, the long-distance translocation of nicotine through the xylem probably requires other transporters or different transport mechanisms.
The Nicotiana genus contains >75 species, and is the sixth largest in the Solanaceae (Knapp et al. 2004 ). In the diploid Nicotiana section Alatae, N. alata and N. langsdorffii are the two closely related wild tobacco species native to South America (Lim et al. 2006) . Both species are true diploids (n = 9) and are sexually compatible (East 1916) . Nicotiana alata is mainly grown as an ornamental plant. Previous studies revealed that while N. langsdorffii accumulates substantial amounts of nicotine in the leaf, tobacco alkaloids are absent or detected at very low levels in the leaf of N. alata (Saitoh et al. 1985 , Sisson and Severson 1990 , Sinclair et al. 2004 . Such distinct alkaloid profiles in the leaf of two closely related Nicotiana species offer an excellent opportunity to compare their ability to translocate alkaloids and to investigate the genetic basis of the trait. Previously, plant physiologists hybridized N. alata and N. langsdorffii, but only analyzed inheritance of morphological traits (East 1916 , and citations therein). We report here that N. alata does not accumulate tobacco alkaloids in the leaf due to the lack of the long-range translocation of root alkaloids to the leaf, and that the non-translocation trait in N. alata is dominant over the translocating trait in N. langsdorffii.
Results

Nicotiana langsdorffii, N. alata and their hybrids
We crossed N. alata (as a male parent) to N. langsdorffii (as a female parent) to generate F 1 hybrids since hybridization between these two species is reported to be more efficient in this combination (Lee et al. 2008) . PCR genotyping markers that distinguish the parental genomes were developed at the WIN4 locus (Kodama and Sano 2007) and the MATE locus, which corresponded to the tobacco MATE1/2 genes (Shoji et al. 2009 ), and were used to verify that the plants are indeed interspecific hybrids between N. langsdorffii and N. alata (Fig. 1A) . The WIN4 primers amplified a 0.7 kb genomic fragment from N. langsdorffii, a 1.1 kb fragment from N. alata and both fragments from the F 1 hybrids, whereas the MATE primers generated a 1.1 kb fragment from N. langsdorffii, a 0.7 kb fragment from N. alata and both fragments from the F 1 hybrids.
Mature N. langsdorffii plants are approximately 1.5 m tall, and produce many auxiliary stems, whereas N. alata plants at the flowering stage are somewhat smaller (approximately 1 m tall), have much fewer auxiliary stems and show wrinkled margins of pointed leaves. The F 1 plants (Fig. 1B) exhibited a mixed or intermediate phenotype to that of the parent, with a few auxiliary stems and oval leaves with weakly wrinkled margins. The parental species show distinct flower morphology; the N. langsdorffii flower is composed of five petals completely fused to form a disk of about 2 cm in diameter, and a lime green tube, while the much larger N. alata flower (about 10 cm long) has five petals partially fused at their bases, and is chalky white (Fig. 1C) . The hybrid flower is lime green, and shows an intermediate morphology of the two parents.
Expression of nicotine biosynthesis genes
To examine the site of alkaloid biosynthesis, we analyzed expression of representative structural genes involved in biosynthesis, metabolism or transport of nicotine, in the root and the leaf of N. langsdorffii and N. alata, by RNA gel blot analysis ( Fig. 2) . Expression of PMT, MPO, QPT, A622 and MATE1/2 was observed in the root, but not in the leaf, of N. langsdorffii and N. alata, while CYP82E was preferentially expressed in the leaf and the root of N. alata but not of N. langsdorffii. Thus, nicotine and probably other pyridine alkaloids are synthesized in the root of these wild Nicotiana species, and the conversion of nicotine to nornicotine occurs in both the leaf and the root of N. alata, which is consistent with the well established sites of nicotine biosynthesis in N. tabacum (Shoji and Hashimoto 2011a) . Although nicotine conversion to nornicotine occurs predominantly in the leaf of N. tabacum (Chakrabarti et al. 2008) , the conversion appears to be active in both the root and the leaf of N. alata.
Distribution of tobacco alkaloids in plants
We next measured tobacco alkaloids in the leaf and the root of N. langsdorffii, N. alata and their F 1 hybrids. When 10-week-old mature plants were analyzed, nicotine was the predominant alkaloid in the leaf and the root of N. langsdorffii, with much smaller amounts of anatabine found in the root, whereas appreciable amounts of pyridine alkaloids were found only in the root, but not the leaf, of N. alata (Fig. 3) . In the root of N. alata, nicotine was the major alkaloid, followed by nornicotine and anatabine. The restricted presence of nornicotine in N. alata is consistent with expression of the nicotine N-demethylase gene (CYP82E) in N. alata, but not in N. langsdorffii (Fig. 2) . The F 1 hybrid plants accumulated pyridine alkaloids (which consisted mostly of nicotine, with smaller amounts of anatabine and nornicotine) in the root; no substantial amounts of alkaloids were found in the leaf. These results indicate that the alkaloids synthesized in the root are readily transported to the leaf in N. langsdorffii, but this interorgan translocation does not occur in N. alata and the F 1 hybrid. Fig. 2 RNA gel blot analysis of the genes involved in biosynthesis and transport of pyridine alkaloids. Gene expression in the leaf and the root of N. langsdorffii (Nl) and N. alata (Na) was analyzed. PMT (Hibi et al. 1994) , MPO (Kato et al. 2007 ), QPT (Sinclair et al. 2000) , and A622 (Kajikawa et al. 2009 ) are involved in biosynthesis of nicotine, whereas CYP82E metabolizes nicotine to nornicotine (Siminszky et al. 2005) . MATE1/2 transporters facilitate uptake of nicotine into vacuoles in tobacco roots (Shoji et al. 2009 ). The staining with ethidium bromide shows equal loading of total RNA on each lane. 
The root of N. alata is deficient in alkaloid export
To evaluate the contribution of the root organ and the aerial parts to the long-range translocation of alkaloids, we performed interspecific grafting experiments in which N. langsdorffii scions were grafted onto N. alata stocks, and vice versa. As controls, homologous grafting combinations (N. langsdorffii scions on N. langsdorffii stocks, and N. alata scions on N. alata stocks) were prepared. One month after grafting, alkaloids were analyzed in the leaf and the root of grafted plants (Fig. 4) . The control N. langsdorffii plants accumulated mostly nicotine in the leaf and the root, while the control N. alata plants contained nicotine as a major alkaloid, followed by nornicotine and anatabine, in the root but did not accumulate substantial amounts of tobacco alkaloids in the leaf. These results are consistent with those obtained in the non-grafted plants (Fig. 4) . Interspecifically grafted plants with an N. alata scion and N. langsdorffii stock accumulated mostly nicotine in both the root and the leaf. In contrast, grafted plants with the reverse combination (N. langsdorffii scion on N. alata stock) accumulated tobacco alkaloids in the root similar in contents and compositions to N. alata plants, but did not contain substantial amounts of alkaloids in the leaf.
Because nicotine is believed to be transported from the root to aerial parts via the xylem (Wink and Roberts 1998), we measured the contents of tobacco alkaloids in the xylem sap of 4-week-old plants (Fig. 5A) . Nicotine was present at a concentration of 4.3 mM in the xylem sap of N. langsdorffii, but was not detectable in the xylem saps of N. alata and the F 1 hybrid. These results suggest that nicotine is not mobilized from the alkaloid-synthesizing cells into the xylem in the root of N. alata and the F 1 hybrid.
To examine the ability of root tissues to export alkaloids out of the synthesizing cells, we established hairy root cultures from N. langsdorffii and N. alata (Fig. 5B) . Nicotiana langsdorffii hairy roots synthesized nicotine, while N. alata hairy roots produced primarily nornicotine, with smaller amounts of nicotine and anatabine. In our root cultures, N. alata roots produced larger Nl) and N. alata (Na). Two independent root culture lines (#1 and #2) were analyzed for both species. Error bars indicate the SD for four biological replicates. Fig. 4 Alkaloid contents in interspecifically grafted plants. Nicotiana langsdorffii (Nl) and N. alata (Na) were reciprocally grafted, and alkaloid contents in the leaf and the root were analyzed 1 month after grafting. The plant species used for scion and stock are indicated. Error bars indicate the SD for four biological replicates. ND, not detected. amounts of tobacco alkaloids than N. langsdorffii roots. Despite their higher capacity to synthesize alkaloids, the culture medium of N. alata hairy roots contained very low amounts of tobacco alkaloids, compared with the culture medium of N. langsdorffii hairy roots. These results indicate that alkaloids produced in the root tissues of N. alata are not secreted into the culture medium, and are consistent with the absence of tobacco alkaloids in the xylem sap of N. alata plants.
Genetic analysis of alkaloid translocation
To examine genetic loci involved in alkaloid translocation, we first analyzed alkaloid contents in the leaf of 109 individual F 2 plants derived from the self-pollination of an F 1 hybrid plant between N. langsdorffii and N. alata (Fig. 6A) . Among these plants, 46 plants (42.2%) accumulated nicotine or nornicotine in the leaf at appreciable amounts, but the alkaloid contents varied considerably from 3.1 to 0.1 mg g DW À1 . F 2 plants with alkaloids at <0.5 mg g DW À1 constituted 71.7% of the alkaloid-accumulating plants (n = 33). The data are suggestive of a complex genetic arrangement, probably involving two or more semi-dominant loci. Nornicotine predominated in 26 plants, while the remaining 20 plants accumulated almost exclusively nicotine. The CYP82E genes derived from N. alata may be responsible for the nornicotine phenotype.
We next extended our analyses to the backcrossed progeny. Successful backcrosses were confirmed by genotyping individual plants with the WIN4 and MATE markers. When an F 1 hybrid was backcrossed to N. langsdorffii, 12 plants (32.4 %) contained considerable amounts of alkaloids (10 nicotine-type plants and two nornicotine-type plants) in the leaf among 37 plants analyzed (Fig. 6B) . On the other hand, all the plants (n = 38) produced by backcrossing an F 1 hybrid to N. alata did not contain detectable amounts of alkaloids in the leaf (Fig. 6C) . These backcrossing experiments support that tobacco alkaloids synthesized in the root are retained in the organ by the action of a few (semi-)dominant loci in N. alata.
Discussion
Pyridine alkaloids (nicotine, anatabine, anabasine and nornicotine) generally accumulate at considerable levels in the leaves of Nicotiana plants. A notable exception is the ornamental tobacco N. alata, in which pyridine alkaloids are absent or present at very low levels in leaves (Saitoh et al. 1985, Sisson and Severson 1990) even after wounding to the foliage (Sinclair et al. 2004) . Roots of N. alata plants do contain appreciable levels of nicotine, anatabine and nornicotine (Saitoh et al. 1985 , Friesen et al., 1992 , Sinclair et al. 2004 . Our alkaloid analysis of N. alata plants is generally consistent with these previous reports.
The root organ is the major site of alkaloid biosynthesis in various Nicotiana species (Shoji and Hashimoto 2011a) , with the exception of the tree tobacco N. glauca, which appears to synthesize at least part of anabasine in leaves (Sinclair et al. 2004) . The presence of high levels of tobacco alkaloids in Nicotiana leaves appears to result from efficient translocation of alkaloids from roots to aerial parts via the xylem (Wink and Roberts 1998) . The existence of appreciable amounts of tobacco alkaloids in xylem sap strongly suggests that apoplastic transport occurs via the xylem network (Baldwin 1989 ; Fig. 5A ). Expression of alkaloid biosynthesis genes in the root (Fig. 2) and formation of alkaloids in the root cultures ( Fig. 5B; Friesen et al. 1992 , Sinclair et al. 2004 demonstrate that the root of N. alata is capable of synthesizing pyridine alkaloids. Thus, in N. alata, the absence of alkaloids in leaves is likely to be attributable to an inefficient long-range alkaloid translocation.
Several bacterial species have the ability to use nicotine as their sole carbon and energy source by oxidatively degrading the alkaloid through a series of enzymatic steps (Brandsch 2006) . Specific degradation of alkaloids in the N. alata leaves might account for the absence of pyridine alkaloids in that organ, although enzymatic degradation of tobacco alkaloids has not been reported in Nicotiana plants. The N. alata scion grafted onto the N. langsdorffii stock accumulates high levels of nicotine in the leaf (Fig. 4) , providing evidence that the tobacco alkaloids once transported to the N. alata leaves are scarcely degraded. We conclude that N. alata is not capable of mobilizing tobacco alkaloids from the root to the leaf.
The root to leaf translocation involves export of alkaloids from the synthesizing cells in the root, alkaloid uptake into the xylem, and alkaloid unloading into leaf cells from the xylem. We did not detect tobacco alkaloids in the xylem sap of N. alata plants (Fig. 5A) , suggesting that a process prior to the xylem loading in the root does not occur in N. alata. Low secretion of alkaloids into the culture medium of cultured N. alata roots (Fig. 5B) is consistent with this.
Alkaloid analysis of the F 1 hybrid plants between N. alata and N. langsdorffii, their selfed F 2 progeny plants and sibling plants obtained from backcrossing the F 1 plants to either parent (Figs. 3, 6 ) clearly showed that the non-translocation trait is genetically dominant over the translocation trait. The segregation data of leaf alkaloids indicate that more than one dominant locus is involved, but further studies are necessary to characterize the genetics of alkaloid translocation. What might be the molecular identity of the dominantly acting non-translocation phenotype in N. alata? We speculate that a structural or biochemical blockage which impedes alkaloid export from synthesizing cells or alkaloid uploading into the xylem has evolved in the root of N. alata. High-resolution anatomic studies of the root tissues might provide clues to understand the mechanisms of alkaloid retention in the N. alata roots.
Although this study focused on alkaloid distribution in leaves and roots, the genetic materials generated in this work may be used to study other aspects of alkaloid biology. Nornicotine is found in N. alata but is absent in N. langsdorffii. In N. tabacum, several differentially expressed CYP82E genes encoding nicotine N-demethylase contribute conversion of nicotine to nornicotine in different tissues (Siminszky et al. 2005 , Gavilano and Siminszky 2007 , Lewis et al. 2010 . Molecular genetic analysis of the CYP82E genes in N. alata, N. langsdorffii and their hybrid progeny may elucidate the molecular mechanisms on dysfunctionalization of N. langsdorffii CYP82E genes and the contribution of individual N. alata CYP82E genes for nornicotine formation in wild Nicotiana species.
Materials and Methods
Plant materials
Seeds of N. alata Link & Otto and N. langsdorffii Weinmann were obtained from the Leaf Tobacco Research Center, Japan Tobacco Inc. Since N. alata plants showed strong self-incompatibility, they were maintained by outcrossing. Plants were grown under greenhouse conditions with a 16 h light/8 h dark cycle, in a compound soil mixture, which consisted of one part of Supermix-A (Sakata Seed Co.), one part of Akadama tsuchi (Sakata Seed Co.), two parts of vermiculite and 1/8 part of an Osmocote slow release fertilizer (http://www. hyponex.co.jp). The temperature in the greenhouse was maintained at 28 C during the day and at 18 C during the night. To create interspecific F 1 hybrids, the pollen of N. alata was crossed to the pistil of N. langsdorffii.
Alkaloid analysis
When harvesting tobacco roots from soil-grown plants, we carefully removed attached soil from the roots so that fine lateral roots and root tips were not damaged. Harvested leaves and roots (50 mg DW) were lypophilized, homogenized and soaked in 4 ml of 0.1 N H 2 SO 4 . The homogenates were sonicated for 60 min and centrifuged for 15 min at 2,000 r.p.m. A 1 ml aliquot of the supernatant was mixed with 0.1 ml of concentrated NH 4 OH, and the mixture (1 ml) was applied to an Extrelut-1 column (Merck). Chloroform (6 ml) was passed through the column, the chloroform elutant was evaporated to dryness at 37 C, and the dry residues were dissolved in ethanol containing 0.1% (v/v) dodecane as an internal standard. The quantitative analysis of tabacco alkaloids was carried out by gas-liquid chromatography (GC-2010 Shimadzu) with an Rtx-5 Amine capillary column (Restek). The column temperature was as a thermal gradient: 100 C for 3 min; 25 C min À1 to 150 C; 2 C min À1 to 170 C; and 30 C min À1 to 300 C.
RNA gel blot analysis
Total RNAs were prepared by using an RNeasy kit (Qiagen) from leaves and roots of 6-week-old plants grown on soil in a greenhouse. A 10 mg aliquot of total RNA was loaded onto each lane and separated by electrophoresis on a 1.2% formaldehyde gel. Equal loading for each lane was confirmed by staining the gels with ethidium bromide before blotting onto a Hybond N+ nylon membrane (Amersham). RNA gel blots were probed with 32 P-labeled full-length coding sequences of tobacco PMT (Hibi et al. 1994) , MPO1 (Katoh et al. 2007 ), QPT2 (Shoji and Hashimoto 2011b) , A622 (Hibi et al. 1994) , NtMATE1 (Shoji et al. 2009 ) and CYP82E4 (Siminszky et al. 2005) . Labelling was done with a Bcabest labeling kit (TAKARA). CYP82E4 cDNA was cloned by reverse transcription-PCR (RT-PCR) from RNA of tobacco leaves treated with ethylene gas for 24 h as described (Shoji et al. 2000) .
PCR genotyping
Genomic DNA for genotyping was extracted from leaves using the PureLink Plant Total DNA Purification Kit (Invitrogen) by following the manufacturer's instructions. Primers were designed to differentiate the WIN4 alleles (Kodama and Sano 2007) and the MATE alleles of N. langsdorffii and N. alata. The forward and reverse primers were 5 0 -GTATCGGCGAATCATCG GAACCTG-3 0 and 5 0 -GAGAACCTCTAGCATTGAATCTATCCC -3 0 , for the WIN4 locus, and 5 0 -AGAAGTATCTGAGTTGTG TCC-3 0 and 5 0 -CGTTTAAGACCAAATTGGGTAAGC-3 0 , for the MATE locus. The conditions of PCR amplification were: 32 cycles of 30 s at 94 C, 30 s at 55 C, 2 min at 72 C, with an initial denaturation step at 94 C for 5 min and a final extension step at 72 C for 7 min. Amplified PCR products were separated on a 1% agarose gel, stained with ethidium bromide, and visualized under UV light.
Grafting experiments
Reciprocal grafting was made on 21-day-old seedlings of N. langsdorffii and N. alata. Grafted plants (approximately four grafts for each combination) were kept under high humidity and dark conditions for 2 weeks to promote graft union, after which the vigorously growing grafted plants were grown under the normal greenhouse conditions.
Xylem sap collection
Before collection of xylem sap, 1.5 ml Eppendorff tubes were stuffed with silica (Quartz) wool up to half of the tube volume, and a small hole was made at the bottom of each tube. Stems of 4-week-old plants were cut with a sharp razor blade about 5 cm above the soil level, and the cut surface was then rinsed with distilled water and wiped dry. Xylem sap was collected from the cut end for 2 h into the collection tube, and the sap collection was repeated once more from the same plant. The sap adsorbed to the silica wool was recovered in a new 1.5 ml tube by brief centrifugation. All sap samples were frozen immediately after sampling, and stored at À20 C until analyzed. Xylem sap collected as described above was used for determination of tobacco alkaloid content.
Hairy root culture for production of tobacco alkaloid
Leaves of 6-week-old plants (N. langsdorffii and N. alata) were cut into 1Â1 cm discs and dipped in the suspension of Agrobacterium rhizogenes strain 15834 for 5 min, dried on sterile filter papers and incubated in the dark at 27 C on Murashige and Skoog's solid medium. After 2 d of co-culture, the infected leaves were transferred to the solid medium containing 250 mg l À1 cefotaxime to eliminate the bacteria. The adventitious roots appeared from the leaf discs 2 weeks after the infection, and the induced hairy roots were subcultured on the same medium every 2 weeks at 27 C in the dark. After two subcultures, the root clones with no apparent bacterial contamination were transferred to Gamborg's B5 liquid medium without antibiotics, and cultured on a rotary shaker at 80 rpm at 27 C in the dark. Hairy roots were transferred to fresh medium every 2 weeks.
One month later, the hairy root cultures were harvested for analysis of tobacco alkaloid contents. To determine alkaloids in the culture medium, the medium was directly applied into an Extrelut-1 column and then processed according to the above alkaloid analysis.
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